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ARTICLE INFO ABSTRACT 


GLC films with single Ti interlayer, single Cr interlayer, thickness gradient Cr/C interlayer and composi- 
tion gradient Cr/C interlayer were fabricated by magnetron sputtering technique. The microstructures, 
mechanical properties and tribological performance under sliding friction in distilled water and sea- 
water of the as-deposited GLC films were investigated. Results showed that the adhesion strength and 
the load-bearing capacity under sliding-friction condition in water of GLC film could be improved effec- 
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tively by interlayer design. GLC film with composition gradient Cr/C interlayer exhibited highest adhesion 
strength and load-bearing capacity under sliding-friction conditions in water, which was closely related 
to nano-interlocked microstructure and hard carbide phase formations inside the interlayer. The adhe- 
sion strength in scratch test and the critical bearing load under sliding-friction in water of the GLC film 
with composition gradient Cr/C interlayer exceeded 50 N and 2.73 GPa, respectively. 


1. Introduction 


The swift development of industry is in fact eager for the high 
performance materials to ensure the stable and long-life operations 
of the key mechanical components, especially for tribo-pairs oper- 
ated under sliding-friction condition in water such as mechanical 
seals, water-lubricated bearings and so on [1,2]. The main factors 
to the failures of such tribo-pairs were usually attributed to the 
high friction and severe wear during the unstable periods includ- 
ing starting-stopping, running-in, high speed and over load [3-5]. 
One of the most effective approaches to solve this problem was the 
usage of high performance film to lubricate and protect the work- 
ing surfaces of these components. The graphite-like carbon (GLC), 
referring to the amorphous carbon with significant sp? bond, has 
great potential on the application of lubricating and protective film 
material for tribo-pairs in water since it has been demonstrated 
low friction and wear under either dry-sliding or water-lubricating 
condition [6-9]. Yang et al. fabricated a kind of GLC films named 
Graphit-iC by using magnetron sputtering technique, and reported 
that fine graphite-like grains with some cross-bonding between 
the graphite-like layers resulted in the similar low friction to those 
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of graphite and the much higher hardness than graphite lead to 
the very high wear resistance [6]. Stallard et al. found that the 
Graphit-iC could exhibit low friction and wear accompanied with 
high load-bearing capacities under three environmental conditions 
including air, oil and water [7]. Field et al. argued that the high 
hardness and lubricating transferred-layer formation led to the low 
friction and wear of the Graphit-iC in ambient air, and the water 
molecules absorbed on the top surface of graphite weakened the 
bonds between the basal planes of its hexagonal structure and gave 
it good frictional behavior in humidity or water environment [8]. 
Wang et al. demonstrated the nano-crystallites/amorphous matrix 
structure of the sputtering GLC film, and confirmed its self-adapted 
tribological performance in both ambient air and water [9]. 
However, further work informed that the interlayer design was 
significant to the tribological performance of GLC film in water 
environment. Different interlayers would generate different tribo- 
logical performances of GLC film on the giving substrate in distilled 
water [10]. Partial delamination of GLC film on wear surface would 
appear in distilled water if there was an inappropriate interlayer 
[10,11]. And excellent tribological performances with low friction 
and “near-zero” wear of GLC film coated on the giving substrate in 
distilled water could be achieved by selecting the interlayer mate- 
rial [11,12]. In fact, most of the amorphous carbon films need to 
pre-deposit materials including Ti, Cr, W, Si, etc. on the substrate 
surface before the deposition of the amorphous carbon to improve 


the adhesion and load-bearing capacity of the as-deposition films 
[13-17]. Moreover, multilayer designs were employed to get the 
high-performance interlayers. Yang et al. suggested that the pure 
sputtering amorphous coating could only exhibit good wear prop- 
erties at low load while the amorphous carbon coating with Cr/C 
alternatively multilayer interlayer showed very good tribological 
properties at high load under dry-sliding condition [18]. In this 
paper, the GLC films with different interlayers were deposited 
on stainless steel substrate by magnetron sputtering technique. 
Microstructures, mechanical properties and load-bearing capaci- 
ties under sliding-friction condition in distilled water and seawater 
of the as-deposited films were comparatively studied. Then the 
optimal interlayer design for the GLC film with high load-bearing 
capacity under the corresponding friction condition was deduced. 


2. Experimental 


Two kinds of substrates including P(1 00) Si wafer with dimen- 
sion 30mm x 20mm x 0.625mm and stainless steel 316L with 
dimension 30mm x 20mm x 2mm were used for each deposi- 
tion. The former was used for the microscopic observation of film 
microstructure, and the latter was used for the mechanical and 
tribological tests. The depositing system was configured of three 
magnetron target positions which focused on a substrate seat. The 
middle one fixed with the high pure graphite target, which was 
used to deposit the graphite-like amorphous carbon. The other two 
positions were twinborn targets which could be installed Ti or Cr 
targets if there was a need to deposit metal layers. The graphite tar- 
get was powered by a DC source. The twinborn metal targets of Ti 
or Cr were powered by a mid-frequency AC supply. The pressure in 
the chamber was controlled by a turbo molecular pumping system. 

Prior to deposition, the substrates were cleaned ultrasonically 
in ethanol and acetone baths in succession and dried with a blower. 
The base pressure of the chamber before deposition was pumped to 
1.0 x 10-3 Pa, and the deposition pressure 1.0 Pa was reached with 
a constant flow of Ar gas. The substrates were DC sputter-cleaned 
for 15 min at bias voltage —1000 V with duty cycle 50%. Different 
interlayers were first deposited on substrates followed by the GLC 
layers. Four different interlayers were employed including single 
Ti interlayer, single Cr interlayer, thickness gradient Cr/C interlayer 
and composition gradient Cr/C interlayer. The corresponding GLC 
films were named GLC1, GLC2, GLC3 and GLC4, respectively. Single 
Ti interlayer was deposited with target current 2.0 A at bias voltage 
—500 V (duty cycle 50%). Single Cr interlayer was deposited with the 
same parameters to single Ti layer. Thickness gradient Cr/C inter- 
layer was an alternatively mutilayer with the decreased/increased 
thickness of the Cr/C layer. The Cr layer was deposited with target 
current 2.0A at bias voltage —500 V (duty cycle 50%), while the C 
layer was deposited with target current 1.2 A at bias voltage —300 V 
(duty cycle 50%). Composition gradient Cr/C interlayer referred to 
the gradient-structural layer with the decrease/increase of the Cr/C 
content. The content variation was achieved by decreasing the Cr 
target current from 2.0 to OA while increasing the graphite tar- 
get current from 0 to 1.2 A at bias voltage —300 V (duty cycle 50%). 
The GLC layer was deposited at graphite target current 1.2 A at bias 
voltage —300 V (duty cycle 50%). 

Cross-sectional and surface morphologies of the as-deposited 
GLC films were characterized with a S-4800 scanning electron 
microscope (SEM). Raman spectra in the range of 800-2000 cm~! 
of the GLC films were acquired by an inVia-reflex Raman spec- 
trometer using an Ar* laser of 532 nm with a resolution of 1cm~!. 
Composition and microstructure evolutions from the film surface to 
the interlayer were investigated by an Axis ultraDLD X-ray photo- 
electron spectroscopy (XPS) with Al Ka irradiation. Transmission 
electron microscopy (TEM) images and EDS analyses of different 


Table 1 
Maximum contact pressures under different normal loads. 


Normal load (N) 4 6 8 10 12 
Maximum contact pressure (GPa) 1.89 2.17 2.39 2.57 2.73 


layers were obtained using a JEOL 3010 TEM operated at 300 kV. 
Hardness and elastic modulus were measured by a NANO G200 
nanoindenter apparatus. The nano-indentations performed with 
the continuous stiffness mode. The maximum indentation depth 
was 200 nm. Scratch tests were performed by a REVETEST® Scratch 
Testing instrument. A diamond tip, 200 wm in radius, was used as 
the scratching stylus with increasing normal load from 0 to 50 Nata 
fixed loading rate of 50 N/min and a scratching speed of 6 mm/min 
under ambient condition. The tribological performances in distilled 
water and seawater were tested by a reciprocating sliding tribo- 
meter at room temperature. The mating balls were uncoated WC 
with a diameter of 3mm. Different normal loads ranged from 4N 
to 12 N were used. According to the Hertz contact model for a ball 
on a flat surface, maximum contact pressures under giving normal 
loads were calculated, as shown in Table 1. The lowest maximum 
contact pressure resulting in the rupture of GLC film was defined 
as the critical bearing load under sliding-friction condition in the 
two water environments. Then the critical bearing load was used 
to evaluate the load-bearing capacity of as-fabricated GLC film. 


3. Results 
3.1. Microstructures of GLC films with different interlayers 


Cross-sectional and surface morphologies of GLC films with dif- 
ferent interlayers are shown in Fig. 1. Seen from the cross-sectional 
morphologies, different interlayers with peculiar characteristics 
can be clearly identified. Single Cr interlayer is thicker than single 
Ti interlayer, which might be closely related to the high deposi- 
tion rate of Cr arose from the high sputter yield. Meantime, there 
are clear interfaces between the metal layers and carbon layers in 
GLC1, GLC2 and GLC3, but the metal/carbon interface is obscure in 
GLC4. It is because that the Cr/C interlayer with composition gradi- 
ent was formed in GLC4. Seen from the surface morphologies, GLC 
layers fabricated on thin single metal interlayers (GLC1 and GLC2) 
are dense and fine, while GLC layers synthesized on thick gradient 
interlayers (GLC3 and GLC4) are coarse. The GLC layer on single Cr 
layer is denser and finer than that on single Ti layer. The GLC layer 
on composition gradient interlayer is denser and finer than that on 
thickness gradient interlayer. 

Raman spectra of different GLC films are shown in Fig. 2. All 
Raman spectra of GLC films reveal similar characteristic that is a 
brand bond including a G peaks centered around 1580 cm~! and a D 
peaks centered at 1360 cm~![19]. The G band originated from opti- 
cal zone center vibrations (E2g mode) of all the pairs of sp? C atoms 
in aromatic rings and olefinic chains, and the D band originated 
from the breathing modes of sp? atoms in clusters of sixfold aro- 
matic rings [20,21 |. Based on the variation of the two bands, Raman 
spectrum can provide much information about the microstructure, 
such as the Full-Width Half-Maximum (FWHM), the position of the 
D and G bands, the intensity of the ID/IG ratio, etc., and the esti- 
mation of the sp?- and sp?-hybridized carbon bonds can be thus 
indirectly drawn from the variation degree of the G and the D bands 
[22]. The area ratios of Ip/Ic¢ after peak fitting by Gaussian convolu- 
tional procedure are also shown in Fig. 3. The values of Ip/Ig for GLC 
films with different interlayers are near in the range from 3.1 to 3.4. 
The similar Raman spectra with high values of Ip/Ic demonstrate 
the similar graphite-like carbonaceous microstructures for the GLC 
layers fabricated on these different interlayers. It indicates that the 
interlayer design affected the microstructure of GLC layer slightly. 
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Fig. 1. Cross-sectional and surface morphologies of different GLC films: (a) GLC1; (b) GLC2; (c) GLC3; (d) GLC4. 


3.2. Mechanical properties of GLC films with different interlayers 


Hardnesses of different GLC films are shown in Fig. 3. With 
the increase of indentation depth, each hardness increases. And 
the relationship of hardnesses before indentation depth 130 nm is 
GLC1 < GLC2 < GLC3 < GLC4. After the indentation depth increases 
to 130 nm, hardnesses of GLC1, GLC2 and GLC3 would be similar to 
each other, however, the hardness of GLC4 is still the highest one. It 


informs that the GLC layer on composition gradient Cr/C interlayer 
was harder than that on single or alternative metallic layers. 
Elastic moduli of different GLC films are shown in Fig. 4. With 
the increase of indentation depth, each elastic modulus increases 
as well. The elastic moduli of GLC1, GLC2 and GLC3 are similar 
during the indention depth increase from 0 to 200 nm, while, the 
GLC4 exhibits the highest elastic modulus. Combined with the 
highest hardness of GLC4, the GLC layer deposited on composition 
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Fig. 2. Raman spectra of different GLC films. 
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Fig. 3. Hardnesses of different GLC films. 


gradient Cr/C interlayer would show the highest deformation resis- 
tance under normal pressure. 

Scratch tracks of different GLC films are shown in Fig. 5. There 
is a clear difference in the fracture behavior of the as-deposited 
film depending on interlayer design. The normal load correspond- 
ing to the first fracture or spallation was determined as the critical 
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Fig. 4. Elastic moduli of different GLC films. 
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Fig. 5. Scratch tracks of different GLC films. 


load (Le) [23]. Seen from Fig. 5, the Les for GLC1, GLC2 and GLC3 
were 12, 14 and 16N, respectively. But there is no valid L: value 
for GLC4 can be detected during the normal load increase from 0 
to 50N. It means that the L: of GLC4 exceeds 50N, which is dis- 
tinctly higher than GLC1, GLC2 and GLC3. All that suggests that 
adhesion strength of GLC film with Cr interlayer is higher than 
that with Ti interlayer, the adhesion strength of GLC film with 
gradient interlayer is higher than that on single metal interlayer, 
and the adhesion strength of GLC film with composition gradient 
interlayer is higher than that with alternative thickness gradient 
interlayer. The adhesion of GLC film with composition gradient 
Cr/C interlayer exhibited the value exceed 50N in the scratch 
test. 


3.3. Tribological performances of GLC films with different 
interlayers 


Friction curves of different GLC films are shown in Fig. 6. Fig. 6(a) 
shows the friction curves of GLC1. Under the normal load 4N, sta- 
ble friction curves of GLC1 can be seen in both distilled water and 
seawater. When normal load increases to 6N, the abrupt variation 
of friction curve of GLC1 is observed in either distilled water or sea- 
water. The friction coefficient of GLC1 drastically increases to the 
high level at about 2700 s in distilled water and 1300s in seawater. 
Fig. 6(b) reveals the friction curves of GLC2. Stable friction curves 
of GLC2 in the two water environments can be seen if the normal 
load is less than 6N, while, abrupt variations occur when the nor- 
mal load increases to 8 N. The friction coefficient of GLC2 drastically 
increases to the high level at 2000s in distilled water and 400s in 
seawater. Fig. 6(c) gives the friction curves of GLC3. Friction curves 
of GLC3 are stable in both distilled water and seawater under the 
normal load of 8N. When the normal load increases to 10N, the 
friction coefficient drastically increase to the high level at 700s in 
seawater, though the friction curves is still stable in distilled water. 
As seen in Fig. 6(d), GLC4 exhibits stable friction curves in both dis- 
tilled water and seawater even the normal load increases to 12 N. 
The abrupt variation of friction curves was proposed to be related 
to the early failure of the GLC film. Further investigations on the 
wear tracks were performed. 

Wear tracks of different GLC films are shown in Fig. 7. Fig. 7(a) 
shows wear tracks of GLC1. Stable wear of GLC1 can be seen in 
both distilled water and seawater under 4N. Ruptures of GLC1 
are observed in either distilled water and seawater when the nor- 
mal load increases to 6N. Fig. 7(b) reveals wear tracks of GLC2. 
Stable wear of GLC2 can be seen in both distilled water and sea- 
water under 6N. Ruptures of GLC2 are detected in both distilled 
water and seawater when the normal load increases to 8 N. Fig. 7(c) 
gives wear tracks of GLC3. Under normal load 8 N, GLC3 wear sta- 
bly in both distilled water and seawater. When the normal load 
increased to 10N, stable wear of GLC3 can still be seen in distilled 
water, but rupture of GLC3 is detected in seawater. Fig. 7(b) includes 
wear tracks of GLC4, illustrating that norupture is found even the 
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Fig. 6. Friction curves of different GLC films: (a) GLC1; (b) GLC2; (c) GLC3; (d) GLC4. 


normal load increased to 12N. The wear stability is consistent 
with the friction curves. Rupture of wear track must correspond 
to the abrupt variation of friction curve. The GLC film would 
wear out when the friction coefficient increased to the high level. 
Therefore, it can be proposed that the order of load-bearing capac- 
ities under sliding-friction condition in water of the as-fabricated 
GLC films with different interlayers was GLC1 < GLC2 < GLC3 < GLC4. 
Comparing with Figs. 6 and 7, it could also be found that the 
GLC film wore out more easily in seawater than that in dis- 
tilled water. Comparatively, the GLC4 exhibits highest critical 
bearing load under friction condition in water environment. 
According to Table 1, the critical bearing load of GLC4 in water 
exceeds 2.73 GPa. 


4. Discussions 
4.1. Microstructures of GLC films with different interlayers 


Though there was slight difference between the growth 
microstructure of GLC layers on different interlayer, the bond 
structure of the GLC layers were similar. The difference between 
growth microstructure must be closely related to the microstruc- 
ture of interlayer. Thicker interlayer would result in the coarser 
top surface. Different interlayer provided different templates to the 
growth of GLC layer. Consequently, GLC layers on different interlay- 
ers showed slight difference between the growth microstructures. 
However, the deposition parameters of GLC layers on different 


Fig. 7. Wear tracks of different GLC films: (a) GLC1; (b) GLC2; (c) GLC3; (d) GLC4. 


interlayers were same, meaning the similar energy of the plasma 
inside the vacuum chamber and the similar deposition condition 
for amorphous carbon. Therefore, the bond structures of GLC lay- 
ers on different interlayers were similar. It also informed that the 
differences between mechanical and tribological properties of GLC 
films would be closely related to the different microstructure of 
interlayers. 


4.2. Mechanical properties of GLC films with different interlayers 


Overall, either the hardness or the elastic modulus of GLC1, GLC2 
and GLC3 were similar, which might be attributed to the similar 
metal-carbon interface between the GLC layer and metallic inter- 
layer. While, both the hardness and the elastic modulus of GLC4 
were higher than GLC1, GLC2 and GLC3, which informed that the 
composition gradient Cr/C layer provided higher resistance under 
normal pressure. The higher adhesion strength of GLC2 than GLC1 
might be related to the better affinity of Cr interlayer with stain- 
less steel 316L and carbon than Ti interlayer. The higher adhesion 
strength of GLC3 than GLC2 must because that the thickness gra- 
dient multi-layer structure alleviated the stress between GLC layer 
and substrate more effectively. The highest adhesion strength of 
GLC4 indicated that the composition gradient Cr/C layer exhib- 
ited best adhesion between the metallic substrate and amorphous 
carbon layer. 

In order to seek the key factor to the high mechanical per- 
formances of GLC film with composition gradient Cr/C interlayer, 
the microstructure of composition gradient Cr/C interlayer was 


investigated. The composition and structure evolutions of GLC4 
from surface to interlayer as the function of etch time in XPS 
analyses are shown in Fig. 8. Fig. 8(a) is the composition evolu- 
tion. At etch time 4500s, the Cr signal was observed. The depth 
before etch time 4500s could be assigned to GLC layer, while the 
depth after etch time 4500 s should be considered to the Cr/C inter- 
layer. The gradually increase/decrease of Cr/C with the increase of 
etch time after etch time 4500s informed a gradient layer of Cr/C. 
Fig. 8(b) is C 1s core level peaks at different etch times. Seen from 
Fig. 8(b), the C 1s peek of film surface (etch time Os) is broad band 
containing C=C (sp? bond) peak at 284.4eV and C—C (sp? bond) 
peak at 285.2 eV, as well as the C—O peak at 286.8 eV and a car- 
bony! C=O peak at 288.5 eV [24,25]. When the etch time increased 
to 3000s, the C 1s peak shifts toward the lower binding energy, 
which might be related to the increase of the C=C (sp? bond) arose 
from the energetic ion bombardment. The C 1s peak at etch time 
5000s included a low peak around 283 eV, which was generally 
assigned to the Cr—C bonds [26]. That is to say the chromium car- 
bide was formed inside the Cr/C layer. No distinct spectra could be 
acquired at etch time 10,000 s, suggesting that the pure Cr layer is 
reached. Therefore, the composition gradient Cr/C layer was also a 
microstructure gradient layer transformed from Cr on the surface 
of substrate to Cr+ CrC when C was introduced, and consequently 
CrC as the decrease/increase of Cr and C, and CrC + C when the Cr or 
C decreased or increased to the low or high level. It was sustained 
by the Cr 2p3/2 peak evolution which is shown in Fig. 8(c). Fig. 8(c) 
illustrates that no distinct Cr 2p3/. peak could be acquired at film 
surface (etch time 0s) and etch time 3000s. The Cr 2p3/2 peak at 
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Fig. 8. Depth analyses of GLC4: (a) composition evaluation form film surface to 
interlayer; (b) C 1s and (c) Cr 2p3)2 core level peaks at different etch times. 


etch time 5000s includes Cr—C bond and Cr—Cr bond [27]. When 
the etch time increased to 10,000 s, the Cr 2p3/2 peak shifts toward 
the low binding energy, informing the domination of Cr—Cr bond. 
It could be proposed that the gradual evolution of composition 
resulted in the transformation of phase microstructure. And the 
hard CrC phase was formed inside the composition gradient Cr/C 
interlayer, which would provide the strengthening effect undoubt- 
edly. The strengthened interlayer might enhance the resistance 
of GLC film under normal pressure, resulting in the relative high 


hardness and elastic modulus of GLC with the composition gradient 
Cr/C interlayer. 

The cross-sectional microstructure of GLC with composition 
gradient Cr/C interlayer was further investigated by TEM. The 
cross-sectional TEM analyses of GLC4 are shown in Fig. 9. Fig. 9(a) 
illustrates the three-layer microstructure of the as-deposited film: 
Layer 1 is the amorphous carbon, layer 2 is the mixture of amor- 
phous carbon and Cr-rich phases, and layer 3 is Cr. Fig. 9(b) is the 
high resolution image of the gradient layer mixed with amorphous 
carbon and Cr-rich phases. It can be found that the interlocked 
microstructure was formed inside the Cr/C layer in nano-scale. 
Without a doubt, the nano-interlocked interface between the Cr 
adhesion layer and carbonaceous layer would benefit to the high 
adhesion strength of the as-deposited GLC film. Therefore, it can 
be concluded that the composition and microstructure gradient in 
combination with the nano-interlocked interface between the Cr 
layer and carbon layer lead to the rather higher adhesion strength 
of GLC with the composition gradient Cr/C interlayer. 


4.3. Tribological performances of GLC films with different 
interlayers 


The tribological test informed that the interlayer design could 
enhance the load-bearing capacity of GLC film under sliding- 
friction condition in water environment effectively, which would 
be closely related to the wear mechanism of GLC film in water. Due 
to the previous study [28], the wear mechanism of GLC film in water 
environment included micro-plough and local delamination. Since 
the delamination would induce spallation following rupture. Thus 
the local delamination was considered as the main reason to the 
wear failure of GLC film in water. In fact, both the stable abrasive 
wear and fragile delamination wear were detected in this study. 
As shown in Fig. 10, the abrasive wear track and the delamination 
or spallation region were clearly seen on wear surface of GLC3 film 
under normal load 12 N in distilled water, though the GLC3 film had 
not worn out yet. It indicated that the delamination wear was the 
key fact inducing wear failure under a certain normal pressure. The 
enhancement of load-bearing capacity for GLC film under sliding- 
friction condition in water environment by interlayer design might 
be ascribed to that delamination wear in water environment was 
controlled effectively by interlayer design. 

According to previous study [28], the occurrence of delamina- 
tion wear of GLC film in water could be attributed to two main 
reasons. First, the initiation and growth of micro-cracks generated 
through-film channel for erosion of water molecules. Second, the 
fracture strength between substrate and GLC layer was reduced 
by the penetrating water under cyclic stress. Therefore, the inhi- 
bition to the formation of through-film channel for water and the 
enhancement of adhesion strength between substrate and GLC film 
were feasible approaches to control the delamination of GLC film 
in water. The higher load-bearing capacities of GLC2 than GLC1 
might be related to the higher adhesion strength of GLC2 than 
GLC1. The higher load-bearing capacities of GLC3 than GLC2 could 
be attributed to the higher adhesion as well as the inhibition to 
through-film channel formation by multi-layer structure inside the 
thickness gradient interlayer. Park et al. also argued that the multi- 
step coating was effective in reducing the through-film defects, 
resulting in the stable wear without delamination of DLC film in 
water environment | 11]. The highest load-bearing capacity of GLC4 
in water environment must be closely related to the highest adhe- 
sion strength and most effective inhibition to the formation of 
through-film channel for water. 

Due to the microstructure analysis, mechanism for the high 
load-bearing capacity of GLC with composition gradient Cr/C inter- 
layer under sliding-friction condition in water environment could 
be modeled by Fig. 11. Fig. 11(a) illustrates that normal load 
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Fig. 9. Cross-sectional TEM analyses of GLC4: (a) cross-sectional image; (b) EDS analyses of different layers; (c) high resolution images of gradient Cr/C layer. 


0.5 or cyclic stress would be transmitted to the internal substrate- 
coating system. Each interface bears the load. Fig. 11(b) shows 
the microstructure of GLC with composition gradient Cr/C inter- 
layer. The GLC layer included micro-defects due to the deposition 
process. The composition gradient Cr/C interlayer contained hard 
carbide phase and formed interlocked interface with GLC layer 
in nano-scale. Unavoidably, the micro-cracks would initiate fol- 
lowing growth under cyclic stress. However, the initiation and 
growth of micro-cracks could be stopped by the strengthened 
nano-interlocked interlayer (as shown in Fig. 11(c)). Then the 
through-film channels for water erosion were inhibited effectively. 
Additionally, the strengthened inter-locked interlayer generates 
high adhesion strength (as shown in Fig. 11(d)), resulting in the 
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Fig. 11. Model for the high load-bearing capacity of GLC with composition gradient Cr/C interlayer under sliding-friction condition in water: (a) model of ball-on-disc 
sliding-friction in water of GLC on substrate with interlayer; (b) microstructure of composition gradient Cr/C interlayer; (c) micro-cracks were stopped by strengthened Cr/C 
interlayer; (d) nano-interlocked microstructure of the interlayer for high adhesion strength. 


5. Conclusions 


The bond structure of GLC films on single Ti interlayer, single 
Cr interlayer, thickness gradient Cr/C interlayer and composi- 
tion gradient Cr/C interlayer were similar, though there was 
slight difference between the growth microstructure. The GLC film 
with composition gradient Cr/C interlayer exhibited the highest 
hardness and elastic modulus due to the strengthened inter- 
layer by hard CrC phases. The order of adhesion strength was 
GLC1 < GLC2 < GLC3 < GLC4, as well as the load-bearing capacity 
under sliding-friction condition in water environment. The inhi- 
bition to water erosion and enhanced fracture strength between 
the substrate and GLC layer lead to the high load-bearing capacity 
of GLC film under sliding-friction condition in water environment. 
The GLC film with composition gradient Cr/C interlayer exhib- 
ited the highest adhesion in the scratch test and critical bearing 
load under sliding-friction in water, which could exceed 50N 
and 2.73 GPa, respectively. The nano-interlocked microstructure 
formed between the substrate and carbon layer in combination 
with the hard strengthening carbide formed inside the interlayer 
were key factors to the high load-bearing capacity of GLC film 
with composition Cr/C interlayer under sliding-friction condition 
in water environment. 
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